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ABSTRACT
Context. There is growing evidence that massive stars grow by disk accretion similar to their low-mass counterparts. Early in evo-
lution, these disks can achieve masses which are comparable to the current stellar mass, and hence, the forming disks are highly
susceptible for gravitational fragmentation.
Aims. We investigate the formation and early evolution of an accretion disk around a forming massive protostar, focussing on its
fragmentation physics. For this, we follow the collapse of a molecular cloud of gas and dust, the formation of a massive protostar, the
formation of its circumstellar disk, and the formation and evolution of the disk fragments.
Methods. We use a grid-based self-gravity-radiation-hydrodynamics code including a sub-grid module for stellar evolution and dust
evolution. On purpose, we do not use a sub-grid module for fragmentation such as sink particles to allow for all paths of fragment
formation and destruction, but instead keeping the spatial grid resolution high enough to properly resolve the physical length scales of
the problem, namely the pressure scale height and Jeans length of the disk. Simulations are performed on a grid in spherical coordinates
with a logarithmic spacing of the grid cells in the radial direction and a cosine-distribution of the grid cells in the polar direction,
focusing the spatial resolution on the disk midplane. Because of that, roughly 25% of the total number of grid cells, corresponding to
∼ 26 million grid cells, are used to model the disk physics. They constitute the highest resolution simulations performed up to now
on disk fragmentation around a forming massive star with the physics considered here. For a better understanding of the effects of
spatial resolution and to compare our high-resolution results with previous lower resolution studies in the literature, we perform the
same simulation for five different resolutions, each of them with a factor of two lower resolution than the predecessor run.
Results. The cloud collapses and a massive (proto)star is formed in its center, surrounded by a fragmenting Keplerian-like accretion
disk with spiral arms. The fragments have masses of ∼ 1 M, and their continuous interactions with the disk, spiral arms and other
fragments results in eccentric orbits. Fragments form hydrostatic cores, surrounded by secondary disks with spiral arms that also
produce new fragments. We identified several mechanisms of fragment formation, interaction and destruction. Central temperatures
of the fragments can reach the hydrogen dissociation limit, form second Larson cores and evolve into companion stars. Based on this,
we study the multiplicity predicted by the simulations and find ∼ 6 companions at different distances from the primary: from possible
spectroscopic multiples, to companions at distances between 1000 and 2000 au.
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1. Introduction
During the formation of massive stars (& 8 M), radiation pres-
sure becomes important against the gravity of the collapsing
molecular cloud. The formation of an accretion disk with polar
outflows provides a mechanism for circumventing the radiation
pressure barrier (see, e.g., Kuiper et al. 2010a) and allow the
forming star to become massive. This disk is expected to frag-
ment and produce companion stars.
There is growing observational evidence that supports this
scenario. Observations of disks around massive (proto-)stars
are reported by, for example, Johnston et al. (2015), Ilee et al.
(2016), Cesaroni et al. (2017), Ginsburg et al. (2018) and Maud
et al. (2019). Some of these disks have also been shown to be
Keplerian-like.
Moreover, there is evidence that, early in evolution, these
disks gain enough mass to become self-gravitating, form spiral
arms and fragment. Ilee et al. (2018) observed a fragmented Ke-
plerian disk around the proto-O star G11.92-0.61 MM1a, with a
fragment MM1b in the outskirts of the disk, at ∼ 2000 au from
the primary. Beuther et al. (2017) reported a smaller disk-like
structure around the central object in the G351.77-0.54 high-
mass hot core, and a fragment at about ∼ 1000 au. Johnston
et al. (2020) have also observed spiral arms and instability in
a disk of radius ∼ 1000 au around the O-type star AFGL 4176
mm1. Maud et al. (2019) reports substructures in a Keplerian
disk around the O-type (proto-)star G17.64+0.16.
Several studies with three-dimensional hydrodynamical sim-
ulations, including radiation transport and self gravity, of a col-
lapsing cloud aiming to form a massive star, have been per-
formed. Some of them lead to a massive star surrounded by a
fragmenting accretion disk, and some form stars via filament
accretion (we offer a literature review, including methods, ini-
tial conditions and results in Sect. 9). Krumholz et al. (2009),
Kratter et al. (2010), Rosen et al. (2016), Klassen et al. (2016),
Girichidis et al. (2012) and others, used adaptive mesh refine-
ment (AMR) grids and sub-grid sink particle models. In the case
of Girichidis et al. (2012), as many as ∼ 400 sink particles were
reported in some of their runs, or in the case of Rosen et al.
(2016), up to ∼ 30; in contrast, Klassen et al. (2016) report none.
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These big disparities in the number of possible formed compan-
ions under similar conditions provokes questions on the role that
spatial resolution and the sink particle algorithms used in these
studies play on the final outcome of the system. In Sections 8
and 9, we explore this matter in detail, and find that higher reso-
lution is needed to resolve the Jeans length than used in previous
studies.
Accretion in fragmented disks is expected to not be a smooth
process, but characterized by episodic accretion of some frag-
ments. The release of gravitational potential energy creates an
increase in luminosity, i.e., an accretion burst. Accretion bursts
offer an explanation to the luminosity burst events in regions of
massive star formation which have been reported in, e.g., Hunter
et al. (2017), Caratti o Garatti et al. (2017) and Sugiyama et al.
(2019). Recently, Chen et al. (2020) reported on the observation
of disk substructures associated with an accretion burst event,
thus providing a link between the two phenomena. The simula-
tions in Meyer et al. (2017, 2018, 2019) show accretion bursts;
they performed an extensive analysis on the accretion process,
intensity and frequency of the bursts.
Massive stars do not typically form in isolation. Studies on
multiplicity in more evolved systems of massive stars show that
a large portion of them are spectroscopic binaries (see, e.g., Sana
et al. 2012; Kobulnicky et al. 2014; Dunstall et al. 2015). The ob-
servations of fragmenting accretion disks suggest the possibility
that close binaries may form by disk fragmentation and later in-
ward migration of the companions (Meyer et al. 2018).
In this study, we present the highest-resolution self-gravity-
radiation-hydrodynamical simulations up to date on disk frag-
mentation around a forming massive (proto)star. We continue
the approach taken by Meyer et al. (2018), in which no sink
particles are set on purpose, so that fragmentation is described
self-consistently as the interplay of self-gravity of the gas, cool-
ing of the gas, shear of the disk and other gravito-radiation-
hydrodynamical processes. Instead, a time-independent grid
whose spatial resolution scales logarithmically with radius was
used, allowing for very high resolution in the areas of most inter-
est. We set up a series of simulations with increasing resolutions,
and explore the physical processes that occur in fragmentation
(how fragments evolve and interact), the properties of the frag-
ments (orbits, mass and temperatures), their fate (whether they
evolve further and eventually become companion stars), and the
effects that resolution has on fragment statistics.
The outcome of our simulation was already used in Ahmadi
et al. (2019) for producing synthetic observations with ALMA
and NOEMA. In that paper, many observationally-relevant quan-
tities were computed, including 1.37 mm continuum images,
integrated intensity and intensity-weighted peak velocity maps
of CH3CN(124 − 114), position–velocity plots, and Toomre Q
maps, taking into account several inclinations. We refer the
reader to that reference for an ample discussion on the observ-
ability of the results presented here.
This paper is organized as follows. Sections 2 and 4
present the methodology of both the simulations, and the post-
processing of the generated data. Sections 3 and 5–7 present
our results and a discussion of disk fragmentation, the fragments
themselves and companion formation. Section 8 contains a con-
vergence study of our results, and Sect. 9, a literature review and
comparison of our results with previous studies.
2. Setup of the simulations
2.1. Physics
In order to model the problem, we consider the three-
dimensional collapse of an initially axially-symmetric molecular
cloud of total mass 200 M and radius 0.1 pc. The initial density
and rotational profiles are given in Sect. 2.3.
The cloud dynamics are modeled as an ideal gas with the
hydrodynamics equations:
∂ρ
∂t
+ ∇ · (ρv) = 0 (1)
∂
∂t
(ρv) + ∇ · (ρv ⊗ v + PI) = ρaext (2)
∂E
∂t
+ ∇ · ((E + P)v) = ρv · aext (3)
where ρ, P, E are the density, pressure and energy density, re-
spectively; v is the velocity, and aext is the acceleration source
term. These equations are solved with the hydrodynamics mod-
ule of the numerical grid code Pluto (Mignone et al. 2007), with
additional modules for handling radiation transport and self-
gravity.
The gravity of the forming massive star, the self-gravity of
the fluid and the radiation forces are incorporated into the code
via the acceleration source term, such that aext = a? + asg + arad,
and
a? = −GM?r2 er
asg = −∇Φsg, where ∇2Φsg = 4piGρ
arad = −∇ · F?
ρc
er − κR D∇ERc
The variables involved in arad are detailed below. The Pois-
son equation of self gravity is solved by means of a diffusion
ansatz. More details on the implementation of the Poisson solver
for the self-gravity module are given in Kuiper et al. (2010a).
The gas is assumed to be calorically perfect, that is, governed
by the calorical equation of state P = (γ − 1)Eint (where γ =
5/3, the value for H2 at low temperatures, and Eint is the internal
energy density).
Radiation transport is incorporated by the method described
in Kuiper et al. (2010b), but advanced to a two-temperature ap-
proach, which we will summarize in the rest of this section. We
treat the star as an emitter of radiation; the dust and gas present in
the cloud absorb it, and re-emit it, in addition to the thermal radi-
ation due purely to hydrodynamic compression. This treatment
allows us to divide the total radiation flux Ftot into two contri-
butions: the flux from the star, F?, and the flux from thermal
(re-)emission from dust and gas, F.
Stellar irradiation is solved by means of the time-
independent radiation transport equation (with the valid assump-
tion that the photon travel time is small compared to the time
step of the simulation, and only considering absorption), which
yields
F?(ν, r) = F?(ν,R?)
(R?
r
)2
e−τ(ν,r),where τ(r, ν) =
∫ r
R?
κ(ν, r)ρdr
(4)
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run nr nθ nφ ndisk ∆x30 ∆x1500
x1 34 11 32 7.0 · 103 6.36 359
x2 67 21 64 5.3 · 104 3.07 167
x4 134 41 128 4.2 · 105 1.50 77.8
x8 268 81 256 3.3 · 106 0.74 37.5
x16 536 161 512 2.6 · 107 0.368 18.4
Table 1: Designation code of each simulation (column 1), num-
ber of cells for each coordinate (columns 2–4); approximate
number of cells in the region r < 1500 au, i.e., the approximate
number of cells that resolve the disk’s physics (column 5); cell
size at r = 30 au (column 6), cell size at r = 1500 au (column
7). ∆x30 is also the minimum cell size of the computational do-
main in the disk’s midplane, and ∆x1500 represents roughly the
cell size in the outer region of the disk.
is the optical depth; κ(ν, r), the frequency-dependent opacity; and
R?, the stellar radius. This equation is integrated for each ray di-
rection and frequency bin in each time step of the hydrodynami-
cal simulation.
The frequency-dependent opacity κ(ν) is the sum of the dust
and gas opacities. For the dust opacities, we use the tabulated
values by Laor & Draine (1993), including 79 frequency bins,
and we calculate the local evaporation temperature of the dust
grains by using the formula of Isella & Natta (2005). The gas
opacity is set to a constant value of 0.01 cm2 g−1. We also require
the flux of the forming star at the stellar radius R?, for which we
use tabulated evolutionary tracks for accreting high-mass stars,
calculated by Hosokawa & Omukai (2009).
For the remaining thermal (re-)emission contribution, F is
assumed to be frequency-independent. First, we take the zeroth
moment of the radiation transport equation
∂Erad
∂t
− ∇ · F = ρκP(4piBrad − cErad) (5)
where Brad = aT 4 is the black-body energy density, c is the
speed of light in vacuum and κP is the Planck mean opacity. This
equation is solved by means of the flux-limited diffusion (FLD)
approximation, which consists on setting F = −D∇Erad, that is,
assuming that radiation transport can be treated as a diffusion
problem. The diffusion constant is D = λc/ρκR, where λ is the
flux limiter, and κR is the Rosseland mean opacity. The change
of internal energy of the system is
∂Eint
∂t
= −ρκP(4piBrad − cErad) − ∇ · F? (6)
where, for the ideal gas, Eint = cvρT . We solve equations (5)
and (6) for the unknowns Erad and T by using the so called two-
temperature linearization approach, described in Commerçon
et al. (2011).
2.2. Geometry
The equations described in the previous section are solved in a
three-dimensional, spherical, time-independent grid, in 5 differ-
ent resolutions that are detailed in Table 1. The computational
domain extends from r = 30 au to r = 20 626.5 au (= 0.1 pc).
The coordinate grid is built as follows: the radial coordinate in-
creases logarithmically from the inner boundary; the polar angle
varies with the cosine function, so that maximum resolution is
achieved in the midplane (z = 0); and the azimuth is uniformly
discretized. In the midplane the cells are approximately cubical,
with two example cell sizes given as ∆x in Table 1.
This choice of coordinates is explained and justified in more
detail in Kuiper et al. (2011), but in a nutshell, a spherical grid
guarantees strict angular momentum conservation around the
central massive protostar, and the logarithmic grid in r allows
for a focus on the phenomena closer to the forming massive star,
while saving computational power. An explanation on how well
does this choice of grids resolve the phenomena studied here is
presented in Sect. 9.2, as well as comparison to the grid choices
of previous studies.
2.3. Initial and boundary conditions
The initial density profile is spherically symmetric, and has the
general form
ρ(r, t = 0) = ρ0
(
r
r0
)βρ
We choose βρ = −3/2, and from the total mass and radius of the
cloud, ρ0 is determined to be ≈ 4.79 · 10−12 g cm−3 at r0 = 1 au.
The value of βρ was chosen based on the results of previous sim-
ulations and observations of massive dense cores (see the discus-
sion in Sect. 9.3).
The initial angular velocity is given by the profile
Ω(R, t = 0) = Ω0
(
R
R0
)βΩ
where R is the cylindrical radius, and we choose βΩ = −3/4.
The ratio of kinetic energy to gravitational potential energy
is set to 5%, which fixes the normalization parameter Ω0 to
≈ 9.84 · 10−11 s−1 at R0 = 10 au. The normalization process is
described in more detail in Meyer et al. (2018), as well as a pa-
rameter scan for other choices of βΩ. The selection of βΩ = βρ/2
keeps the ratio of kinetic energy to gravitational energy indepen-
dent of the radius of the cloud; the value for this ratio in turn was
chosen in accordance to the typical values found in, e.g., Good-
man et al. (1993) and Palau et al. (2014). The initial radial and
polar velocities are set to zero.
In summary, we give a low initial angular momentum to the
cloud, so it forms a disk while collapsing. In a more realistic
situation, inhomogeneities in the density profile may be present,
as well as some initial sub-sonic turbulence and magnetic fields.
The aim of this work, however, is to study fragmentation of the
disk due to the development of Toomre instabilities in the accre-
tion disk that forms in the process, and hence our choice of initial
conditions. A more detailed discussion on the effects of the ini-
tial conditions and the inclusion of additional physical effects on
the outcome of the simulations can be found in Sect. 9.3.
Both the inner and outer boundaries of the computational do-
main are semi-permeable, that is, matter is allowed to leave the
computational domain but it can not re-enter it. For the purposes
of the calculations involving the forming massive star, all the
mass in the sink cell is considered as accreted by the central
massive protostar forming in it.
The initial temperature is 10 K, uniform across the computa-
tional domain, and the initial dust-to-gas mass ratio (used in the
calculation of κ(ν)) is chosen to be 1% (Draine et al. 2007).
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3. Overview of the temporal evolution of the system
In the next sections, we use the data from runs x8 and x16 as a
reference for the description and analysis of our results. A dis-
cussion of the results for the other runs can be found in Sect.
8.
Figure 1 shows an overview of the time evolution of the
system (for run x8), with maps of the density in the midplane
(z = 0), density in the xz-plane to give an idea of the vertical
structure of the system, the temperature and the Toomre param-
eter (which will be introduced in Sect. 4.1).
As soon as the simulation starts, the cloud begins to collapse.
Matter free falls into the center of the cloud, where the sink
cell is located, eventually forming a massive star there. Simul-
taneously, angular momentum conservation yields an initially
axially-symmetric accretion disk that grows in size over time.
At around 4 kyr, when the disk is about 200 au in size,
the axial symmetry is broken: spiral arms appear, and then,
the disk fragments. The fragments form, interact with the disk,
spiral arms and other fragments, and can get destroyed. Very
roughly, fragments have densities of more than ∼ 10−11 g/cm3
and temperatures higher than ∼ 600 K; while spiral arms
and other filamentary structures have densities higher than ∼
10−13 g/cm3. The background accretion disk has densities higher
than 10−15 g/cm3. As shown in the density maps of Fig. 1, the
whole disk (including spiral arms) is relatively thin; the pressure
scale height is shown later in Fig. 23. The spiral arms and fila-
ments are dynamic: they continuously change shape, form and
merge in the course of an orbit, and they extend throughout the
disk. Fragments are typically connected to each other and to the
central massive protostar via spiral arms and filaments. Some
fragments have the potential to form companion stars, as we de-
scribe in Sect. 7. Fragments can also be surrounded by secondary
disks with their own spiral arms that can lead to the formation of
more fragments. These mechanisms are described in Sect. 6.1.
At around 15 kyr, the disk stabilizes due to the increase in
mass of the central massive protostar and the effects of stellar
irradiation in the innermost part of the disk, stopping fragmen-
tation of the primary disk until the end of the simulated time.
We refer to this period as the quiescent epoch. Some fragments
survive the fragmentation epoch, but the majority of fragments
migrate toward the central massive protostar or get accreted by
it. Run x8 ends at t = 0.52tff, where tff ∼
√
R3/(GM) is the free
fall time of the cloud; run x16 ends at t = 0.40tff.
Interestingly, the final state of run x8 is reminiscent to the
young protostellar object G11.92–0.61 MM 1 reported in Ilee
et al. (2018). This similarity was not intended a priori in the sim-
ulation setup. We compare the outcome of run x8 and the prop-
erties of the fragment produced to this potential observational
counterpart in Sect. 6.8.
The central massive protostar formed by accretion from the
disk is about 12 M after ∼ 14 kyr of evolution, as shown in
Fig. 2a. The total luminosity of the protostar is calculated by
summing the luminosity predicted by the evolutionary tracks of
Hosokawa & Omukai (2009), and the accretion luminosity, that
is, the gravitational energy released by accretion, and computed
with Lacc = GM?M˙/(2R?), where M˙ is the accretion rate onto
the (proto)star (Fig. 2c). The total luminosity is shown in Fig.
2b, together with the stellar luminosity component. At around
12 kyr, the massive protostar starts burning hydrogen, and the
stellar luminosity becomes comparable and later dominates over
the accretion luminosity. Prior to that, the luminosity of the cen-
tral massive protostar is dominated by accretion, which causes
accretion-driven bursts, that can be seen in Fig. 2b and are dis-
cussed in Sects. 6.6.2 and 7.3.1.
4. Post-processing methods
Since fragmentation was studied without the use of sink parti-
cles, sophisticated post-processing algorithms had to be devel-
oped in order to track their properties in time, which we present
in this section, together with strategies for isolating the proper-
ties of the background disk.
4.1. Properties of the disk
During the fragmentation epoch, the density maps of Fig. 1
show three distinct components (background disk, spiral arms
and fragments), that we mentioned in the preceding section. In
order to study the properties of the background disk, the spiral
arms and fragments have to be filtered out from the data. We do
this with a combination of the two following methods. First, in
order to get the radial profile of a quantity q measured for the
background disk in the midplane, we take the median of all val-
ues along the azimuthal direction, i.e., for each discretized radial
distance ri,
qbg, midpl(ri) = median
k
q(ri, θ = pi/2, φk) (7)
Taking the median filters out most of the variability caused by
the presence of fragments and spiral arms. For some radial pro-
files, an average of the radial profile in some interval of time is
also used in order to eliminate strong but short-term variations.
Since fragments and spiral arms are highly dynamic, a time aver-
age filters out sudden changes and yields the long-term behavior
of the background disk. By using this method, one can isolate,
for example, the density and temperature profiles of the primary
disk, which we present and discuss in Sect. 5.1. The specific time
intervals used for the average are specified in the caption of the
relevant plots.
In order to determine if the formed disk is Keplerian, the
deviation from gravito-centrifugal equilibrium, or Keplerianity,
of the background disk is calculated as the relative difference
between the angular velocity Ω (taken for the background disk
in the midplane) and its Keplerian value, ΩK :
Keplerianity =
Ω −ΩK
ΩK
, where ΩK(r) =
√
GMencl(r)
r3
(8)
is the Keplerian angular velocity, and Mencl(r) is the total mass
enclosed in a sphere of radius r; that is, the sum of the mass
of the central massive protostar and the portion of the disk en-
closed. The Keplerianity was used to define the disk radius, as
mentioned in Sect. 5.1.
The accretion rate into the central massive protostar, as well
as its mass, are calculated by integrating the incoming mass from
all directions at the surface of the sink cell. One general lim-
itation of the sink cell approach is the inability to distinguish
between accretion of fragments onto the stellar surface and for-
mation of close companions. This problem is discussed in Sect.
7, as well as the implications for the values obtained with the
method described here.
We remind the reader that no artificial viscosity is introduced
in these simulations to compensate for unresolved physics; self-
gravity, instead is the process that provides angular momentum
transport. This motivates the idea of calculating how the mass
is transported by the background primary disk, i.e., M˙(r). We
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Fig. 1: Time evolution of the system (run x8). In the elaboration of the plots, snapshots of the simulation were taken specifically at
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corresponds to the area shown in the snapshots located to the left). For the rightmost column, notice the existence of a surviving
fragment at r ∼ (900,−1200) au for the midplane views.
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Fig. 2: (a) Mass, (b) luminosity and (c) accretion rate of the central massive protostar, as formed in run x16. The dotted line in panel
(b) that corresponds to the stellar luminosity, is calculated using the evolutionary tracks of Hosokawa & Omukai (2009).
take the background disk density ρbg(ri, θ j) and radial velocity
vr,bg(ri, θ j) and then we integrate in a spherical shell according to
M˙(ri) = −
∑
j
ρbg(ri, θ j)vr,bg(ri, θ j)r2i sin(θ j) · 2pi · ∆θ j
Outside of the disk, this quantity simply expresses the mass flux
transported by the infalling large-scale envelope.
In order to quantify gravitational instabilities, we use the
Toomre parameter Q (Toomre 1964). This parameter measures
gravitational stability against small perturbations in a rotating,
self-gravitating disk, and it is defined as
Q =
csΩ
piGΣ
(9)
where Σ =
∫
ρ dz is the surface density and cs is the speed of
sound; Q < 1 indicates instability.
4.2. Fragment detection
In order to study the different properties of the fragments, one
must first clearly define what a fragment is. One possibility is
to use the fact that fragments appear as hot points in compari-
son with the background disk and spiral arms (see, for example,
the temperature plot during the fragmentation epoch in Fig. 1).
In comparison, the density data for the same time shows spi-
ral arms, filaments and other structures that make the definition
of a fragment more difficult. In other words, spiral arms gener-
ally have temperatures that are similar to the background disk,
in sharp contrast to the fragments, allowing us to fix a criterion
for fragment detection. Detecting a fragment, then, reduces to a
correct detection of maxima in the temperature data for the mid-
plane. Fragments are expected to gravitationally collapse, and
therefore increase their temperature, if they have a possibility to
form stars (later, we show that not all fragments can evolve fur-
ther into stars).
In order to filter out the spiral arms and the disk, a Gaus-
sian filter is first applied to the temperature data (this blurs out
the spiral arms), and then, the radial disk temperature profile is
subtracted from the temperature data. After that, a temperature
threshold is set so that the fragments are detected (∼ 400 K).
The parameters for such filters were manually tuned by select-
ing the values that produce fewer false positives and do not leave
fragments undetected. This process produces “fragment candi-
dates”. It should be noted, however, that the data contains cold
high-density regions that are not considered as fragments unless
they overcome the temperature detection threshold. The frag-
ment candidates are also checked by eye to filter out any remain-
ing false positives that, when compared against the density data,
turn out to be hot areas of spiral arms and not clump-like struc-
tures.
4.3. Fragment tracking
We are interested in calculating the properties of the fragments,
and their evolution in time; so, we require a way to track them,
using the data snapshots that are outputted every 10 yr of evolu-
tion, which is a much smaller timescale than the duration of one
orbit (& 500 yr at ∼ 100 au). This is done as follows: for every
fragment, the next predicted position on its orbit is estimated for
a time tcurrent + ∆t with ∆φ ∼ vφ∆t. Then, time is advanced by
∆t, and maxima in the temperature are searched in a region sur-
rounding the predicted position. When a matching fragment is
found in the predicted region, a connection is made and it is reg-
istered as a fragment with a unique identification number. As a
warning to the reader, even though the identification number for
new fragments increases with time, it cannot be used as an in-
dication of the total number of fragments present, since manual
corrections to the output of our algorithm cause missing identi-
fication numbers.
4.4. Properties of the fragments
Once the trajectory of the fragments is known, we can easily
track other properties like the central temperature or the mass of
the fragments.
The central temperature is the maximum value of the temper-
ature field of a three-dimensional region that contains the frag-
ment. The mass of the fragment Mfragm is obtained by integrating
the density in a spherical region of a fixed radius (all fragments
are assumed to have the same radius). A first guesstimate from
the x8 density maps is Rfragm ∼ 50 au.
In order to have an idea for the upper limit of the radius of
a fragment, we can estimate the order-of-magnitude of this ra-
dius assuming hydrostatic equilibrium (pressure of self-gravity
P ∼ GM2fragm/R4fragm is equal to the pressure of the ideal gas
P ∼ 〈n〉kBT ), using a mean number density 〈n〉 ∼ 1.5 ·1017 cm−1,
extracted from the density data, and a temperature of 2000 K.
This yields Rfragm ∼ 30 au for a fragment of 1 M, and R ∼ 50 au
for a fragment of 2 M.
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Fig. 3: Variation of the time-averaged mass of a sample of frag-
ments as a function of the assumed radius taken for integration.
To justify our choice, we performed mass calculations with
several assumed radii (the results are shown in Fig. 3). Small
assumed radii give a steep gradient in the mass value, suggest-
ing that most of the mass of the fragment has not yet been en-
closed in the region of integration. At around 50 au for run x8,
the curve shows a more stable value. Bigger radii would not only
enclose the fragment, but also parts of the disk and surrounding
spiral arms. A similar analysis done for run x16 yields a radius of
40 au. These considerations mean that the mass of the fragments
reported here have an uncertainty of around 20%.
5. The fragmenting accretion disk
The next sections present the results of the highest resolution
simulations, and an in-depth analysis of the internal processes
that govern fragmentation in the disk.
5.1. Properties of the disk
Radial profiles of several quantities related to the background
disk are presented in Fig. 4, using run x8. The density, Kepleri-
anity and radial mass flow are averaged in time, as discussed in
Sect. 4.
After the disk formation epoch (from 4 kyr until the end of
the simulation), the disk is approximately Keplerian, as shown
by the Keplerianity profile, with a variability of ∼ 10%. We used
this fact to define the disk radius as the point in which the Kep-
lerianity of the background disk drops below −15%. For larger
scales, the low values of Keplerianity indicate infall from the
large-scale envelope, which replenishes the disk. The initial ro-
tation profile chosen, with βΩ = −3/4, means that the gas is
uniformly non-Keplerian, and during the disk formation epoch
(0 to 4 kyr), the disk builds up until it reaches gravito-centrifugal
equilibrium. In some of the panels, the disk radius is indicated
as a reference with filled diamonds.
The density profiles show that the background disk stays
mainly between 10−15 and 10−13 g/cm3. A higher density region
is observed near the edge of the disk, and corresponds to a cen-
trifugal barrier.
As expected, the temperature profile of the collapsing cloud,
including the accretion disk, increases over time, although we
observe that the profile increases more slowly during the frag-
mentation epoch. The temperature profile is approximately pro-
portional to r−0.5. At the late stages of the simulation (cf. the line
for 16 kyr in Fig. 4c), there is an increase in temperature in the
inner parts of the disk (. 40 au), probably due to stellar irradia-
tion, since the central massive protostar has just begun burning
hydrogen at that time.
The radial mass flow transported by the background disk is
different from the radial flow in the infalling large-scale enve-
lope. This shows that mass from the infalling envelope is not
only being transported onto the central massive protostar, but it
is also deposited into the fragments and spiral arms, and that
most of the mass is delivered to the massive protostar by means
of the spiral arms and fragment accretion, and not through the
background disk, during the fragmentation epoch.
Data from run x8 presents a region with a seemingly unusual
overdensity (more associated with the densities of spiral arms) at
about 12 kyr in the region r . 100 au, which is particularly evi-
dent on the surface density and radial mass flow profiles. As a re-
sult of an accretion event in run x8, the inner disk gets temporar-
ily a higher density “ring like” accretion structure. As a conse-
quence, computing the background disk density as the median
value in an annulus yields a higher density. Such accretion struc-
tures are also ocasionally observed in the other runs, although
with shorter durations. Disregarding this short-term feature, the
general trends shown in Fig. 4 are also observed in the other
runs.
The accretion rate onto the central massive protostar as a
function of time shows great variability, since fragmentation cre-
ates small accretion events on top of of having a very smooth,
constant process, as described in Sects. 6.6.2 and 7.3.1. Despite
that, the mean accretion rate in the fragmentation epoch is fairly
constant, at about 10−3 M/yr, although a slight increment with
time in the accretion rate is observed in both panels (e) and (f),
due to simple acceleration of the gas in free fall.
5.2. Local vs global Toomre parameter
The Toomre maps in Fig. 1 show that the Toomre parameter is
highly dependent on position and time. In Fig. 5, we present the
Toomre parameter as a function of radius, averaged in time for
the fragmentation epoch. The curve for Qdisk is calculated by tak-
ing the azimuthal median of all the variables and then computing
Q, and it corresponds to the values for the background disk. On
the contrary, the curves for Qmean and Qmin are obtained by first
calculating Q(r, φ) and then taking the mean and the minimum,
respectively. Qmin represents the regions of the disk that undergo
most fragmentation, i.e., spiral arms and fragments, while Qmean
may be interpreted as a value of Q(r) obtained observationally
for spatially unresolved sources (i.e., substructures such as spi-
ral arms and fragments are not detected).
The background disk is Toomre-stable, and no fragmentation
is expected to occur in these regions; however, spiral arms and
fragments are subject to fragmentation. The mean value, on the
other hand, shows stability. The whole disk is, therefore, globally
stable while being locally unstable. This means that the substruc-
tures of the disk have to be resolved accurately in order to cap-
ture fragmentation; an insufficiently resolved disk may appear to
be Toomre-stable while undergoing fragmentation at unresolved
scales.
5.3. Spiral arm formation
In all runs, at the end of the disk formation epoch (t ∼ 400 yr,
see Fig. 1), a ring-shaped region in the disk becomes Toomre-
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Fig. 5: Comparison of the Toomre parameter values computed
for the background disk (Qdisk), the mean value (Qmean) and the
minimum values corresponding to the effects of the fragments
and spiral arms (corresponding to Qmin). These curves were cal-
culated with run x16, and they are time-averaged for the frag-
mentation epoch.
unstable and develops small inhomogeneities that become two
primordial spiral arms at opposite sides of the disk, that is, they
arise from the m = 2 mode described in Laughlin & Rozyczka
(1996) (see also, e.g., Kratter et al. 2008; Kuiper et al. 2011). The
first fragments form at the outermost parts of the spiral arms.
New spiral arms are created by convergent flows, as shown
in Fig. 13a; the flows left and below the fragment are convergent
and mass accumulates as spiral arms. These type of flows are
frequently created by turbulent motions arising after fragment
interactions.
6. Fragments
6.1. Fragment formation
Fragments form out of one or more spiral arms. This two-step
fragmentation process (first the disk forms spiral arms, and then
they fragment), is in agreement to what Takahashi et al. (2016)
reported in the context of simulations of self-gravitating proto-
planetary disks. We have identified two distinct mechanisms of
fragment formation in our simulations: a local collapse within a
spiral arm and a formation triggered by a collision of two spi-
ral arms. These mechanisms are present at two different scales:
the primary disk, and the secondary disks that form around the
fragments (we discuss the latter in more detail in Sect. 6.7).
The first process, local collapse within spiral arms, is il-
lustrated in panels A1 and A2 of Fig. 6. When small inhomo-
geneities are developed within a spiral arm, or when a spiral arm
develops a crease, it becomes Toomre-unstable and a collapse
starts, forming small fragments that deform the spiral arm. This
process is exemplified by the creation of fragments 16, 13 and
14 of panel A3 (run x16), where the spiral arm develops inhomo-
geneities that grow into fragments. The other example is given in
panel A4, where fragments 54 and 59 are formed by a previous
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Fig. 6: Fragment creation mechanisms. The color scale for the midplane density maps is the same as the one shown in Fig. 1.
crease; in the case of fragment 59, the crease was formed in a
spiral arm of the secondary disk around fragment 40.
The second process, spiral arm collision, is illustrated in pan-
els B1 and B2. When two spiral arms or regions of high density
collide, they create perturbations that make the region Toomre-
unstable and therefore, a collapse is triggered. The example in
panel B3 is from run x8, and shows the formation of fragment
32, which is generated by this mechanism. Panel B4 provides an
additional example from run x16, where two spiral arms, con-
necting fragments 32 and 68 to the inner disk, have collided and
gave rise to fragment 71.
Early during the fragmentation epoch, both processes occur
predominantly in the primary disk. However, towards the end
of the fragmentation epoch, and as fragments gain more mass,
the fragmentation inside substructures becomes dominant: spiral
arm breakdown and spiral arm collisions become more frequent
in the secondary disks and yield fragmentation. This behavior
was observed especially in runs x4 and x16. This hierarchical
fragmentation is in principle analogous with the observations
and conclusions offered in Beuther et al. (2015) and Beuther
et al. (2019).
6.2. Number of fragments
The number of fragments present in run x8 as a function of time
is plotted in Fig. 7. We remind the reader that the numbers next
to the fragments in the plots throughout this paper are mere iden-
tification numbers. In total, 60 fragments are detected during the
fragmentation epoch (4–15 kyr). From these, 22 live longer than
200 yr; these fragments will be the focus of the analysis that fol-
lows. At a given time, there are fewer than 9 fragments present in
the disk. A discussion about the number of surviving fragments
is offered in Sect. 7.2. A peak in fragmentation is seen at around
9 kyr, although we do not consider it as of great interest, since it
is not observed in the other runs (see Fig. 20).
Lifetimes of the fragments (color code) and the radial loca-
tion when they are formed (vertical axis) are shown in Fig. 7b,
as a function of time (horizontal axis). We see that the longest
lived fragments are formed in the outer disk, and that the inner
disk forms fewer fragments over time. This trend is tied to the
fact that fragmentation is occurring in the spiral arms of the pri-
mary disk. The figure was generated with the data from run x8.
In run x16, as the spiral arms of the secondary disks fragment,
new long-lived fragments start to form again in the inner disk.
6.3. Mass
The masses of the fragments are presented in Figs. 8 and 9 (cor-
responding to runs x8 and x16, respectively), obtained using the
method described in Sect. 4. The masses of the fragments are of
a few solar masses, and increase over time. Peaks and sudden in-
creases are observed, and correspond to fragment mergers, that
are described in Sect. 6.6. Some decreases and oscillatory behav-
ior are caused by the action of spiral arms associated to the sec-
ondary disk, as described in Sect. 6.7. The first fragments formed
tend to have lower masses, compared to fragments formed later
in time. This is not surprising, since the fragments form at larger
radii, where larger portions of the disk become unstable, but also
since the radial mass flow of the background disk increases both
with the radial position as well as with time. More massive frag-
ments tend to have longer lifetimes, as well, since they are better
gravitationally bound and more immune to the fragment destruc-
tion mechanisms described in the next sections.
Two special cases occurring in Fig. 8 should be discussed in
more detail. Fragments 11 and 94 show unusually high masses,
and, in the case of fragment 94, high variability. Fragment 11 un-
dergoes several mergers and gains mass just before it goes into
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Fig. 7: (a) Number of fragments with a minimum lifetime of
200 yr present in the simulation as a function of time. (b) Radial
position at formation time for each fragment, color-coded with
the fragment lifetime.
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Fig. 8: Mass of the fragments with life span longer than 200 yr.
A fixed radius of 50 au is assumed for the calculations of this
plot.
the sink cell. The erratic behavior of fragment 94, in the other
hand, is mostly numeric: it moves outwards in the simulation
domain, where there is less resolution; and by effect of numeri-
cal diffusion, increases in radius, making our assumed radius of
50 au insufficient in the calculation. The mass of fragment 94,
assuming a bigger radius of ∼ 100 au, is ∼ 6.5 M at t = 13 kyr.
6.4. Hydrostatic cores
As we discuss in Sect. 7, fragments collapse and form hydro-
static cores. We remind the reader that the masses presented in
this section are calculated by assuming a fixed fragment radius
of 50 au for run x8, and 40 au for run x16, which means that
the enclosed region includes the hydrostatic core as well as the
secondary disk. This is important when comparing to models
of core collapse, such as the ones described in Bhandare et al.
(2018): for an initial core mass of a few solar masses, they find
hydrostatic first Larson cores of radii of ∼ 3 au, and masses of
the order of a few 10−2 M.
In run x16, cell sizes of . 1 au are reached at radial positions
of r . 100 au, allowing us to barely resolve the hydrostatic core
region of fragments located there with a few grid cells, enough
for an order of magnitude check with a core collapse model. We
calculated the enclosed mass in the inner ≈ 3 au of fragment 12
(run x16) over its evolution. During the gravitational collapse of
the fragment (Fig. 14a), the mass of the inner ≈ 3 au increased,
until a value of a few 10−2 M was reached, consistent with the
results of Bhandare et al. (2018). This high-density inner region
is shown also in Figs. 13b and 14b, surrounded by the secondary
disk (the figures correspond to the midplane and vertical cuts in
the density field, respectively). As a reference for the reader, the
yellow circle in Fig. 13b indicates the inner 3 au (roughly the
size of the first core), and the yellow circle in both panels of 14
indicates the assumed size of a fragment, used for the calculation
of its (total) mass.
6.5. Fragment dynamics: orbits
The rest of Sect. 6 will be devoted to the study of how frag-
ments move in space, their interactions with their environment,
and their substructures. First, an overview of the orbits is pre-
sented. In Fig. 10, the orbits of long lived fragments (> 1 kyr)
have been plotted. During the simulated time period, only about
8 fragments complete more than one orbit (both runs). The or-
bits of the fragments are highly influenced by their interactions
with spiral arms and other fragments (fast migration, mergers,
etc.; more details below). They also stay in the midplane, except
some orbits of run x16, that show a small inclination (. 2◦) with
respect to the midplane during certain times. The average pe-
riod is ∼ 1 kyr. The orbits of the fragments are highly eccentric,
with an average eccentricity of ∼ 0.5, calculated by taking the
minimum and maximum radial positions of the fragments. Frag-
ments undergo different types of interactions that cause changes
in the eccentricity of their orbits, including fast inward migration
due to spiral arm action and gravitational interaction with other
fragments.
The orbits of long-lived fragments 40 and 32 of run x16 (Fig.
10b), develop in the middle disk, and correspond to fragments
that survive at the end of the simulated time. These fragments
are also more massive than short-lived ones (according to Fig. 9,
their masses are ∼ 1.5 M), and therefore their self-gravity pro-
vides more stability against interactions with the environment.
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Fig. 9: Masses of the fragments with life span longer than 200 yr, for run x16. A fixed radius of 40 au is assumed for the calculations
of this plot.
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Fig. 10: (a) Orbits of fragments with a life longer than 1 kyr, dur-
ing the time interval [6, 10] kyr, for run x8. (b) Orbits of all the
fragments with a life longer than 1 kyr, during all the simulated
time, for run x16. The fragment identification number is located
at the starting point of the orbit, and the color code is the same
as the one used in Figs. 8 and 9.
The orbits presented here, however, do not take into account
the effects of the formation of second Larson cores and the fate
of fragments that enter the numerical sink cell. A more detailed
discussion is presented in Sect. 7.2.
6.6. Interactions
6.6.1. Fragment–fragment interactions
Fragments interact with each other in two distinct ways: they
can merge or change orbits due to gravitational interaction and
angular momentum transfer.
Mergers (panel A1 of Fig. 11) occur when the fragments
have a close encounter, usually in a collision orbit. As shown
in the example provided in the panels A2, A3 and A4 of Fig.
11, fragments 42 and 40 are in a collision orbit and merge. The
masses of the fragments combine, as shown by the spike in the
mass of 40 in panel A4. We remark, however, several features
of a typical merger. First, the mass of 42 has a small increase
near the collision time. This can be easily explained by the fact
that the mass integration domains start to overlap, since they are
spheres of a fixed radius. The second remark is the mass de-
crease and small oscillations are observed after the collision.
Collisions typically occur not head on, but with a certain im-
pact parameter, which increases the spin angular momentum of
the merged fragment. In the frame of reference of the fragment,
the increased centrifugal force favors the development of sec-
ondary spiral arms, which can transport mass outwards, as is ex-
plained in Sect. 6.7. During the fragmentation epoch in run x8,
we recorded about 13 mergers in total. This kind of interactions
can only be captured by simulating and resolving the full hydro-
dynamics of a fragment, and not by a sub-grid particle model.
Changes in the orbit due to gravitational interaction of frag-
ments that are unconnected by a spiral arm are somewhat more
complex, less frequent and more difficult to determine. A general
picture, however, is provided by panel B1 of Fig. 11: two frag-
ments approach, and their gravitational interaction slows down
fragment 1, therefore moving it to a lower orbit, and accelerates
fragment 2, moving it to a higher orbit. Panel B4 provides an
example of this kind of interaction: just after the orbits of 16 and
29 cross each other, 16 slows down and gets into a collision orbit
with the central massive protostar, while 29 gets accelerated into
a higher orbit. The moments leading to the orbit crossing, how-
ever, are another example of the effects of a gravitational interac-
tion: in panels B2 and B3, we see how fragment 29, originally in
a low orbit, migrates towards fragment 16 and vice versa, until
they cross each other and the scenario illustrated as t0 in panel
B1 is reached. The example provided here comes from the data
of run x4, but we also observed a similar behavior in run x8,
but without the orbit crossing. Some of these interactions have
also been observed previously in 2D simulations in the context
of planet formation (see, e.g., Zhu et al. 2012). The outcome of
these interactions (a change in the orbit or a merger) depends
on the approach velocities and the mass ratio of the interacting
fragments. In the example given in panels B2–4, the masses were
comparable.
6.6.2. Fragment interactions with spiral arms and the
massive protostar
The gravitational torques exerted by the spiral arms can cause
migration, as shown by panels A1–4 of Fig. 12. In this case, the
eccentric orbit of fragment 0 reduces its periastron due to the
action of the connecting spiral arm.
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Fig. 11: Fragment-fragment interactions. In panels A3 and B4, the fragment ID is shown at the starting point of the orbit. In the case
of panel A3, the time window shown in the orbits is 1.3 kyr; and in the case of panel B4, 1.2 kyr.
Accretion onto the central massive protostar is not a smooth
process, as depicted in the accretion rate shown in Fig. 4f. There
are many discrete accretion events, caused by infall of matter
through a spiral arm, or the complete accretion of a fragment.
The transformation of gravitational energy into radiation is made
in the form of accretion-driven bursts, sudden increases in the
luminosity of the forming massive star (see Fig. 2b). This phe-
nomenon was reported theoretically in the context of massive
star formation by Meyer et al. (2017) and Meyer et al. (2019),
where a system of magnitudes was also developed to describe
them.
Panels B1–4 of Fig. 12 show two examples of accretion
bursts. Both the infall of matter through a spiral arm, as shown
in panels B1–2, and the complete accretion of a fragment (pan-
els B3–4), produce accretion bursts. The accretion of a fragment,
however, produces a much sharper and brighter peak in luminos-
ity compared to accretion through a spiral arm. Accretion bursts
are also accompanied by overall increases in the temperature of
the disk, that we term temperature flashes, which typically last
∼ 30 yr and heat up the fragments and spiral arms, as we dis-
cussed in the previous section.
We must, however, discuss the effects of the inner bound-
ary conditions (size of the central sink cell) on these accretion
bursts. Since matter is only allowed to cross the sink cell in-
wards, we are not taking into account how outflows affect the
accreted mass. Some fragments that the simulation shows as ac-
creted into the sink cell could also only be in an elliptical orbit,
as discussed in Sect. 7, specially if they have already undergone
second collapse, so they are less susceptible to shearing and sub-
sequent accretion. These considerations could make strong lu-
minosity accretion bursts less frequent and intense as presented.
6.7. Secondary disks
Fragments frequently develop a secondary disk with spiral arms,
embedded in the primary disk, as shown in Fig. 13. The figures
show the comoving velocity field, v − vφ,bgeφ, where vφ,bg is the
angular velocity profile of the primary disk. In Fig. 13a, we ob-
serve a typical secondary disk, with the densest and hottest re-
gion (fragment) in its center. We also observe how converging
flows form spiral arms. Converging flows form frequently when
shearing and turbulent motion (due to activity of fragments and
other spiral arms) produces a region with a net outward flow that
encounters the inward radial flow from global mass transport.
Spiral arms in secondary disks can also be drifted off the
fragment, as shown in Fig. 13b. The spiral arm encounters a de-
celerating inward flow that makes it drift apart. As a result, the
calculated mass plot (Fig. 8) shows a decrease, since the mass of
the spiral arm is lost from the fixed integration domain used. If
the spiral arms are bounded to the fragment, the plotted mass of
the fragment only shows an oscillation, but frequently the spiral
arm gets absorbed by other spiral arms, provoking a real mass
loss in the fragment, with a consequent temperature variation
over time. This mechanism provides a way to transfer back some
matter from fragments to the disk or the central massive proto-
star. This process can also trigger fragmentation, as was the case
of the spiral arm that gives rise to fragment 59 shown in Fig.
6A4.
Figure 14 shows the vertical structure of a fragment, using
the highest resolution dataset. When the fragment is forming
(Fig. 14a), it has a spherical-like shape. Fig. 14b, however, shows
the vertical structure of the secondary disk shown in Fig. 13a: the
fragment indeed gets flattened down, with the highest density in
the center.
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Fig. 12: Interactions of the fragments with the spiral arms, and with the forming protostar modeled as a central sink cell. The orbit
in panel A4 is plotted for a window of 2 kyr, with the fragment ID marking the starting point.
(a)
10 km/s
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v− vφ, bgeφ, ρ, run x16
t= 7940 yr
(b)
Fig. 13: Secondary disk with its spiral arms around (a) frag-
ment 11 of run x8, and (b) fragment 12 of run x16. The back-
ground map represent density in the midplane (using the same
color scale as the rest of the figures), and the arrows show the
comoving velocity field. The central massive protostar is located
beyond the bottom of the plotted areas in both cases. The yellow
circle in (b) has a radius of 3 au.
6.8. Comparison to observations
6.8.1. G11.92–0.61 MM 1
Observations of the massive young stellar object G11.92–0.61
MM 1 reported in Ilee et al. (2018) show a fragmented Keple-
rian disk around a proto-O star. The main object MM1a, is re-
ported to be ∼ 40 M (with between 2.2 and 5.8 M attributed to
the disk, and the rest, to the protostar), and the fragment MM1b
is reported to be ∼ 0.6 M, located at around ∼ 2000 au from
MM1a.
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Fig. 14: Vertical structure of fragment 12 and its close surround-
ings (run x16). The yellow circle has a radius of 40 au. The den-
sity uses the same color scale as the rest of the figures.
This seems to be specially compatible to the general results
in run x8, but later in time (the disk reported in the observations
is bigger, and the central star is more massive). However, there
are several warnings that should be taken into account. From the
results in Ilee et al. (2018), the mass ratio of the disk and the pri-
mary is between 0.055 and 0.145. In our simulations, the mass
of the central massive protostar at ∼ 16 kyr is ∼ 20 M (cf. Fig.
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19). We calculated the mass of the disk including the fragments
and spiral arms (integration of density in a cylinder of 1500 au in
radius and 20 au in height), and the mass of the background disk.
The mass of the disk including substructures is comparable to the
mass of the primary, as expected from a fragmenting disk; how-
ever, if substructures are excluded, the mass of the disk increases
more slowly. After ∼ 16 kyr, the mass of the background disk is
∼ 5 M, which means a mass ratio of ∼ 0.25. In addition, the
surviving fragment (94) in run x8 is located at ∼ 1500 au from
the primary, although at the end of the simulation it is moving
outwards. The mass of fragment 94 is of the order of a few solar
masses, although this value includes the mass of the secondary
disk.
Given that the mass of most of the fragments produced in
our simulations is of the order of 1 M, the observed position
and size of the disk, we think that the scenario described in Ilee
et al. (2018) could plausibly be obtained with a setup similar to
ours.
6.8.2. Accretion burst event in G358.93-0.03
Disk substructures associated to an accretion burst were ob-
served and reported in Chen et al. (2020), for the high-mass
young stellar object G358.93-0.03. The flaring event was re-
ported in Sugiyama et al. (2019). Chen et al. (2020) performed
a kinematic model that describes the accretion flow as occurring
along two spiral arms, although they also acknowledge the com-
patibility of their observations with the accretion of a fragment.
The results of our simulations support the second scenario, just
as the results in Meyer et al. (2017) and Meyer et al. (2018) do.
The processes described in Sects. 6.5, 6.6.1 and 6.6.2, namely,
the gravitational interactions between fragments (as exemplified
in panel B4 of Fig. 11), and the gravitational torques exerted by
the spiral arms can cause the fragment to lose angular momen-
tum, leading to accretion by the primary, and thus causing an
accretion burst.
7. Companion formation
As fragments contract by their self-gravity, their temperatures
increase, which in turn causes an increase of their internal
pressure, halting the collapse (classical Kelvin-Helmholtz con-
traction). Fragments whose central temperature goes beyond
≈ 2000 K, however, start to experience hydrogen dissociation,
which means that gravitational energy is not converted into ther-
mal kinetic energy, but rather it is used to dissociate hydrogen
molecules; therefore allowing for further (second) collapse, un-
til a second Larson core is formed.
The exact temperature for hydrogen dissociation is density-
dependent; we checked that for the central densities of the
fragments, that temperature is between 1700 K (10% dissocia-
tion) to 2300 K (90%) dissociation (D’Angelo & Bodenheimer
2013). According to Bhandare et al. (2018), second Larson cores
formed from reservoirs of a few solar masses have radii of the
order of a few solar radii. Based on the free fall timescale of a
fragment of a few solar masses, we use the conservative estimate
of 80 yr for the duration of the second collapse. After the second
core is formed, contraction continues to drive the temperature
up, continuing the evolution of the protostar.
The simulations presented here do not include hydrogen dis-
sociation. However, by tracking the central temperature of a frag-
ment, one can determine if it should undergo second collapse and
form a second core. This allows us to hypothesize the ultimate
fate of the fragments if more realistic physics were considered.
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Fig. 15: Temperature of the fragments with life span longer than
200 yr, for run x8. The gray box indicates the hydrogen dissoci-
ation limit.
7.1. Central temperature of the fragments
Figures 15 and 16 show the tracked central temperature of the
fragments as a function of time, for runs x8 and x16, respec-
tively. The shadowed box shows the threshold for hydrogen dis-
sociation, which, as we mentioned, is not included in our sim-
ulations. This is why we see high temperatures, and fragments
crossing the threshold both ways over time. In both figures, we
see some high and short-lived spikes in the central temperature,
that are a result of rapid mass increase, for example, due to merg-
ers or accretion onto the fragment. The small periodic variations
of the temperature are caused by the interactions between the
fragments and their environment, including the development of
secondary spiral arms. The mechanism of secondary spiral arm
drift explained in Sect. 6.7, that produces a lowering in the mass
of the fragment, also produces a lowering in its temperature (due
to decompression). The variation of the observed central temper-
ature of the fragments with resolution is discussed in Sect. 8.2.
Longer lived fragments tend, in general, to have higher tem-
peratures of at least ∼ 1000 K. Fragments formed later in time
tend to also reach higher central temperatures, since they have
more mass (cf. Sect. 6.3).
Fragments that cross the hydrogen dissociation temperature
threshold undergo second collapse and become second cores. As
a reference, we count the number of fragments that have a tem-
perature higher than ∼ 2000 K for a time longer than ∼ 80 yr,
that is, our estimate of the time needed to form a second core.
In run x8, 4 second core objects are formed, and in run x16, 10
second core objects are formed.
7.2. Fate of the fragments
Only after the second collapse has taken place, a fragment would
reduce its radius from the order of a few au to a few stellar radii.
From the mere data of the simulations presented here, however,
it is impossible to know if after the second collapse the tem-
perature continues to rise and the second cores become actual
companion stars. One point to take into account, however, is that
many fragments develop secondary disks, which means that after
the second collapse, more mass can be delivered to the second
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Fig. 16: Temperature of the fragments with life span longer than 200 yr, for run x16. The gray box indicates the hydrogen dissociation
limit.
core and potentially allow a temperature increase and continua-
tion of the evolutionary process.
Fragments of sizes of a few solar radii would be unresolvable
with our current simulation setup. However, since their compact-
ness would also provide stability, it would be safe to add a sub-
grid particle model in order to study their behavior. Before the
second collapse happens, however, fragments are just hydrostatic
cores with strong interactions with the disk, spiral arms and other
fragments. Some of these interactions are strong enough to de-
stroy them. The next sections describe these mechanisms, and
consider the effects that our simulation setup with a central sink
cell have on the number of companions that are formed accord-
ing to the simulations.
7.2.1. Fragment destruction mechanisms
Fragments that move in an eccentric orbit near the central pri-
mary protostar with high speeds experience shearing, which typ-
ically causes their destruction, as illustrated in panel A1 of Fig.
17, and exemplified by panel A2. A similar process can be found
in simulations on fragmentation in protoplanetary disks, as de-
scribed in Lichtenberg & Schleicher (2015). It is also common
in this scenario that some matter of the fragment gets accreted by
the central protostar; sometimes forming a “ring-like” accretion
structure like the one discussed in Sect. 5. In the particular ex-
ample of panel A2, however, matter is not accreted. The sheared
material expands and gets absorbed by spiral arms, providing
converging flows needed for further fragmentation according to
the mechanisms discussed previously.
Spiral arms can also cause a mass loss to the fragment by
transporting matter along them (Fig. B1 of Fig. 17), eventually
destroying the fragment. As an example, fragment 43 of run
x8, shown in panel B2, is drained by a spiral arm that is being
stretched, and delivers the material to fragments 32 and 40.
Another fragment destruction mechanism occurs as a conse-
quence of temperature flashes associated with accretion bursts
(described in Sect. 6.6.2). Fragments and spiral arms are heated
up by the temperature flash. This triggers thermal expansion,
which in turn lowers the density and central temperature of the
fragment, compared with the values before the flash. If the frag-
ment had an already low temperature and density, this thermal
expansion and cooling can take the fragment below the detec-
tion threshold. After manually following the remaining matter,
fragment destruction mechanisms
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Fig. 17: Fragment destruction mechanisms.
we observe it gets partially dissolved into the disk, absorbed into
a spiral arm, absorbed by other fragments or it is sheared apart.
An example of this behavior is provided by panels C1 and C2 of
Fig. 17.
These destruction mechanisms severely affect the lifetime of
fragments, if they are in their hydrostatic core phase, and show
that sub-grid sink particle models may overestimate the number
Article number, page 15 of 22
A&A proofs: manuscript no. frag-main-arxiv
Fig. 18: Integrated orbit of fragment 2 of run x16, after it enters
the numerical sink cell. The orange dot indicates the initial posi-
tion of the fragment, and the total time integrated was 3 kyr. The
sink cell (not shown) has a radius of 30 au.
of formed companions. Only by resolving the sub-structure of
the fragments these interactions become apparent.
7.2.2. Fragment dynamics after the second collapse
Once a second core is formed, the question arises on how will
such an object interact with the environment, and, therefore,
how the fragment destruction and merger mechanisms discussed
above will impact the fate of a fragment. Although second cores
would experience the same gravitational interactions than a hy-
drostatic core, they would not feel the same pressure gradient
from the rest of the gas, due to their compactness. A second core
would have less probability of colliding and merging with an-
other second core, due to the reduction in the collisional cross
section. A merger between a first core and a second core is a
possible scenario: the first core would likely be sheared apart,
and would form a denser secondary accretion disk around the
second core, ultimately to be accreted by the latter.
7.2.3. Formation of spectroscopic multiples
As mentioned in Sect. 4, a disadvantage of using a central sink
cell is the inability to distinguish between accretion and the for-
mation of close companions. This is specially true for fragments
that have undergone second collapse, and therefore do not suffer
the destruction mechanisms mentioned above. Once a fragment
enters the numerical sink cell (r = 30 au), its mass is counted as
being accreted by the central massive protostar, when in reality,
if the fragment is a second core, it might be in a orbit instead of
a merger with the primary.
Migration and gravitational interactions with other frag-
ments are some of the responsible mechanisms for getting a frag-
ment into an orbit closer to 30 au (the radius of the sink cell). In
order to study the possible fate of a second core, we integrated
the orbit of fragment 2 of run x16 (Fig. 18), which undergoes
second collapse shortly before it enters the sink cell. In the inte-
gration, we considered the gravitational force of the central mas-
sive protostar and the gravitational force of the background disk,
but no other interactions. Fragment 2 was originally dragged into
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Fig. 19: (a) Mass and (b) luminosity of the central massive pro-
tostar, as formed in run x8.
the sink cell by gravitational torques arising from spiral arm in-
teraction. The predicted integrated orbit is elliptical, and it gets
smaller in time, due to the increase in mass of the central mas-
sive protostar. Some “jumps” can also be seen in the orbit, and
they are caused every time the central massive protostar accretes
(non-second-core) fragments, that is, its mass suddenly increases
by a discrete amount. After 3 kyr of integration, the orbit of the
fragment has a periastron of ∼ 15 au. At the time, the simula-
tion is at t = 7.9 kyr, and the mass of the central protostar is
∼ 4 M. As time progresses and the central protostar becomes
more massive, the orbit of the fragment should become smaller
and smaller, thus providing a mechanism for the formation of
spectroscopic multiples.
7.3. Implications
7.3.1. Accretion bursts
In run x8, fragment 11 reaches the hydrogen dissociation tem-
perature at 10.22 kyr and would undergo second collapse if the
simulation had implemented it. At the time, the mass of the frag-
ment is 1.8 M. Then, at 11.47 kyr, it merges with fragment 71,
which greatly increases the temperature (cf. Fig. 15), and its
mass briefly reaches 5 M. This would be an example of a sec-
ond core merging with a hydrostatic core, and we would expect,
in a more realistic setup, that fragment 11 would at least partially
accrete the material from fragment 71 through the secondary ac-
cretion disk. The interaction between fragments 11 and 71, how-
ever, alters the orbit of fragment 11 and it ultimately reaches
the sink cell. A second core entering the sink cell might pro-
duce, however, a companion instead of an accretion event. For
the plots of run x8 presented in this paper, this means that, at
t ∼ 11.5 kyr:
– the high peak in the accretion rate (Fig. 4f), the & 106 L ac-
cretion burst shown in Fig. 19b and the bump in the mass of
the central massive protostar (Fig. 19a) might not take place;
– the subsequent inner disk overdensity that arises in the radial
profiles for run x8 (Figs. 4a, 4b and 4e) during the interval
[12, 16[ kyr as a result the shearing and accretion of fragment
11 might not be there.
According to the preceding discussion, very high luminosity
bursts are less probable to occur than what is shown in Fig. 2b,
since they require the accretion of a significantly large mass in
a short time. Fragments that have the required mass have most
likely undergone second collapse, and, according to the inte-
grated orbits we presented above, they will likely form close
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companions instead of being accreted. The possibility that a sec-
ond core be accreted is not excluded, but it should be rare due to
collisional cross section considerations.
7.3.2. Number of companions
Taking into account the preceding elements, we summarize here
the results of our simulations regarding companion formation.
There are 4 second core objects produced in run x8. From
them, one (fragment 94) survives in the outer disk (r ∼ 1400 au
at the end of the simulation). Fragments 0 and 11 form close
companions, and fragment 37 merges with another fragment (so
its fate is unclear from our simulations).
In run x16, there are 10 second core objects produced. Frag-
ments 0, 12 and 13 form close companions, and fragments 40,
32 and 68 survive the simulation in the middle region of the disk
(see discussion in Sect. 6.5). The rest merge with other frag-
ments, so, again, their fate is uncertain from our simulation.
By analyzing which of the fragments that get close to
the central massive protostar will produce accretion bursts and
which ones satisfy the conditions for further stellar evolution,
we have found that the number of possible close companions
produced in our simulations is low. This result is consistent with
observations of more evolved systems, such as Sana et al. (2012),
Kobulnicky et al. (2014) and Dunstall et al. (2015), where spec-
troscopic binaries or multiples are present in large fractions, but
they also do not observe tens or hundreds of spectroscopic com-
panions to a central massive star. Our results show, however, that
companions produced by disk fragmentation can also exist at
distances of the order of ∼ 1000 au astronomical units (although
inward and outward migration is still possible in the long term).
We also note in this comparison that the masses of the fragments
given in the preceding sections are not necessarily an indication
of the masses of the future companions, since accretion is still
ongoing at the end of our simulations.
8. Resolution effects
After describing the main results, the focus of the next section
is in describing how these change with resolution by comparing
five runs with different spatial resolution.
8.1. Convergence of fragmentation
During this subsection, we will refer to the panels in Fig. 20. The
midplane density maps (Fig. 20) show that only spiral arms are
produced in runs x1 and x2, but no fragments. By no fragments
we mean that our conditions for fragment detection are not met,
and that the shape of the substructures formed (regions of higher
density than the background disk) is difficult to be recognized as
a fragment because of resolution. Runs x4, x8 and x16 produce
fragments and spiral arms. Runs x1, x2 and x4 show thicker spi-
ral arms than runs x8 and x16, probably as a result of numerical
diffusion. Substructure formation in runs x1 and x2 continues
until the end of the simulated time, that is, the evolution of the
system does not drastically change over time. In contrast, a qui-
escent epoch with no further fragmentation is observed in runs
x4 and x8. Due to computational costs, data for run x16 is not
available beyond t = 13.5 kyr, not enough to confirm the exis-
tence of a quiescent epoch in that run as well. In summary, only
the runs with high enough spatial resolution exhibit an end to the
fragmentation epoch.
The Toomre Q parameter shows a similar behavior for all
resolutions. We had seen in Fig. 5 that the value of Q for frag-
ments and spiral arms, corresponding to the Qmin, shows the sus-
ceptibility of these areas to fragmentation, but the background
disk and mean values (expected to be dominant in underresolved
observations) show the system as Toomre-stable.
The number of fragments that live longer than 200 yr present
on a given time in the simulation is also similar, except for the
peak of 8 fragments seen in simulation x8, and that we discussed
earlier. The average number of fragments at a given time during
the fragmentation epoch is around 2.2. The tendency of longer-
lived fragments to be created at larger radial positions with time
is also observed in the other simulations, although not shown
here.
8.2. Convergence in the properties of the fragments
The fate of the fragments without taking into account the effects
of the inner boundary and hydrogen dissociation we discussed in
Sect. 7.2 are shown in Fig. 21. Mergers and shear/accretion into
the sink cell dominate the mechanisms of fragment destruction.
Spiral arm matter transport and dissolutions are far more rare.
Comparing Figs. 15 and 16, the central temperature of frag-
ments gets higher with resolution. From this, the number of frag-
ments that get to the second collapse phase increases from run
x8 to run 16, but it remains in the same order of magnitude. In
Bhandare et al. (2018) (Fig. 2c), the temperature profile of a first
core shows that the maximum temperature is reached at a radius
of ∼ 1 au. Run x16 has a resolution of . 1 au at r . 100 au,
which might indicate that the values of the central temperature
for fragments in the inner disk are close to convergence.
The statistics of fragment interactions show that indepen-
dently of resolution, fragments in a hydrostatic core stage are
fragile, and it is not safe to include them in a particle sub-grid
model if they do not reach second core status, for which the cor-
rect resolution is needed. As already discussed in Sect. 6.3, the
masses of the fragments for runs x8 and x16 are similar, and
although it is not shown here, the masses of the fragments pro-
duced in run x4 also have consistent values.
Fragments in the outer disk, as exemplified by fragment 94 of
run x8, tend to have higher masses, and therefore, higher proba-
bilities of reaching the temperature required for second collapse.
However, the spatial resolution of the numerical grid is lower in
the outer disk (for run x8, the cell size is ∼ 20 au at ∼ 1000 au);
and although we show in Sect. 9.2 that, at that radial distance,
this is enough to resolve the Jeans length and therefore the for-
mation of fragments, it is not enough to resolve the substructure
of the fragments. Therefore, fragments located at r & 1000 au
have radii that are artificially higher due to numerical diffusion,
even when not considering the physics of the second collapse.
A larger radius makes the fragment less gravitationally bound,
and filaments and secondary spiral arms are developed between
the fragment and the central massive protostar. These structures
fragment, the fragments migrate rapidly inwards and produce ac-
cretion bursts in the late stages of runs x4 and x8, during the qui-
escent epoch, but we believe this effect to be mainly numerical.
Due to better spatial resolution, fragments produced in run x16
have more consistent sizes across the disk.
8.3. Convergence of the formed massive protostar
During the simulation, several properties of the central massive
protostar are calculated, under several assumptions. Figure 22
Article number, page 17 of 22
A&A proofs: manuscript no. frag-main-arxiv
0 4 8 12 16 20 0 4 8 12 16 20 0 4 8 12 16 20
0
300
600
-300
-600
0 300 600-30
0
-60
0 0 300 600-30
0
-60
0 0 300 600-30
0
-60
0 0 300 600-30
0
-60
0 0 300 600-30
0
-60
0
0 4 8 12 16 20 0 4 8 12 16 20
disk formation epoch fragmentation epoch quiescent epoch no data available
m
di
pl
an
e d
en
sit
y
To
om
re
 Q
tim
e e
vo
lu
tio
n
nu
m
be
r o
f f
ra
gm
en
ts
run x1 run x2 run x4 run x8 run x16
only spiral arms only spiral arms
t [kyr] t [kyr] t [kyr] t [kyr] t [kyr]
x [au] x [au] x [au] x [au] x [au]
z [au]
Fig. 20: Convergence of different quantities with resolution. The midplane density data was taken at t = 7 500 yr for all the maps in
the row. The Toomre Q was time-averaged during the fragmentation epoch.
shows the mass and total luminosity. We remind the reader that
the mass of the central protostar is simply the mass of the sink
cell, and the total stellar luminosity is the sum of the accretion lu-
minosity (total conversion of gravitational potential energy of the
accreted material into radiation) and the stellar luminosity calcu-
lated following the evolutionary tracks of Hosokawa & Omukai
(2009) (that depend on the mass of the protostar and the accre-
tion rate).
Figure 22a shows only qualitative convergence in the pro-
tostellar mass after ∼ 11 kyr, since it depends heavily on how
the material is accreted in each simulation, and this, in turn de-
pends on the fragmentation that is developed in time. Figure 22b,
shows that the total luminosity curves are similar for all simula-
tions. All feature some accretion bursts and a general increase
in time due to the contribution of stellar evolution. The plots for
run x4 and x8 also show a general reduction in accretion bursts
at the end of the simulated time (quiescent epoch), except for
some bursts caused by the effect discussed in Sect. 8.2, triggered
by fragments in the outer disk. There is no quiescence observed
for runs x1 and x2. We also find that the central massive proto-
star starts burning hydrogen at around 12 kyr for runs x16 and
x8, ∼ 18 kyr for run x4, and ∼ 16 kyr for runs x1 and x2.
9. Comparison with previous studies
9.1. Overview
Several studies on massive star formation, including cloud and
disk fragmentation, have been performed over the years. We
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summarize some of them in this section, and we will compare
their outcomes and main features in the following subsections.
First, we discuss some studies on cloud fragmenta-
tion. Girichidis et al. (2012) performed several gravito-
hydrodynamical simulations to study a collapsing cloud under
the fragmentation-induced starvation scenario without radiation
transport, an AMR grid of a minimum size of 13 au, and sink
particles. In these simulations, various initial density profiles
were used, together with a supersonically turbulent initial veloc-
ity profile but no rotation. They find between 161 and 429 sink
particles in total; some of their simulations show filamentary ac-
cretion, and some, the formation of an accretion disk.
Peters et al. (2010) and Peters et al. (2011) used the code
FLASH to study the effects of magnetic fields and ionizing radia-
tion in a large-scale collapsing cloud of 1000 M, but neglecting
the thermodynamics of dust re-emission, i.e., continuum radia-
tion transport is not taken into account. Both studies used AMR
with a minimum cell size of 98 au, and sink particles. According
to our results, however, these sink particles could not be compa-
rable to our fragments, since their accretion radius of ∼ 400 au is
at least one order of magnitude bigger than the size of a fragment
with the potential of forming a companion, and more comparable
to the size of the whole primary accretion disk, that is ∼ 400 au in
radius in the middle of the fragmentation epoch. With no mag-
netic field, around 25 sink particles were created; the presence
of magnetic field reduced fragmentation by around a factor of 2,
and generated a more massive protostar, due to magnetic brak-
ing. Similar results were obtained by Hennebelle et al. (2011),
where the RAMSES code was used to study a cloud of initial
mass 100 M and radius of 1.35 pc. They used AMR with a min-
imum cell size of 8 au and 2 au for their low and high resolution
runs, respectively, and no sink particles, but use the barotropic
equation of state. The number of fragments obtained is of the
order of 50 without magnetic field.
The following studies considered also disk formation and
fragmentation. In Krumholz et al. (2007) and Krumholz et al.
(2009), three-dimensional gravito-hydrodynamical simulations
were performed, with a gray flux-limited diffusion approxima-
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Fig. 22: Convergence of the properties of the formed protostar.
tion for stellar radiation as well as radiation by the dust. The first
paper studied the collapse of a core in initial supersonic shock-
dominated turbulence, while the second paper used solid body
rotation, without any initial turbulence. Both studies used sink
particles following the Jeans criterion only. In the turbulent case
for an initial mass of 200 M (Krumholz et al. 2007), the spher-
ical cloud forms filaments that feed two clumps that become in
the end one massive protostar with an accretion disk that frag-
ments in spiral arms, but no further fragmentation; 3 sink parti-
cles, however, are independently formed at around 3000 au from
the primary. With regards to fragmentation, in Krumholz et al.
(2009), the disk forms earlier, and at the end, the system devel-
ops into a binary of separation ∼ 1500 au. Both simulations used
the code Orion, with a AMR grid of maximum resolution of 10
au.
Klassen et al. (2016) used the FLASH code with an improved
treatment of radiation transport, and an AMR grid with mini-
mum cell size of 10 au. The cloud was initially in solid body
rotation, and masses of 30, 100 and 200 M were considered.
They used a stricter sink particle algorithm that, in addition to
the Jeans criterion, checks for a convergent flow, a gravitational
potential minimum and a negative total energy. The use of this
criterion with the resolution considered lead to no fragmentation
at all; only the formation of spiral arms was observed.
Rosen et al. (2016) repeated the simulations for both the ini-
tially laminar and highly supersonic turbulent cases, including a
hybrid radiation transfer method that properly treats the multi-
frequency stellar irradiation and gray flux-limited diffusion ther-
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mal re-emission (Rosen et al. 2017), but the maximum resolu-
tion of their AMR grid was 20 au. Their sink particle algorithm
detects 29 companions, 16 with masses > 0.1 M for the lami-
nar case, and 3 companions for the turbulent case. In both cases,
an accretion disk with spiral arms is formed around the massive
protostar, but in the turbulent case, the disk becomes eccentric.
Contrary to Krumholz et al. (2009), the system does not form a
binary (in part due to different sink particle merging criteria). Ini-
tially, in the turbulent case, the massive protostar is fed primar-
ily by filaments, however, the accretion rate is not significantly
different than in the laminar case. A similar setup was used by
Rosen et al. (2019) to study the role of turbulence in fragmenting
cores with initially virial and subvirial initial conditions, finding
that virialized cores undergo significant turbulent fragmentation
at early times, compared to subvirial cores. In both cases, a frag-
menting accretion disk was formed.
Meyer et al. (2017, 2018) used Pluto with a setup similar
to ours, i.e., a fixed spherical grid with the radial coordinate
increasing logarithmically. They also used the same radiation
transport scheme, but lower spatial resolution. In Meyer et al.
(2018), several initial angular velocity profiles were examined
for fragmentation, specifically, βΩ = 0, −0.35 and −0.75. They
found formation of spiral arms, followed by fragmentation; the
highest number of fragments was obtained for βΩ = −0.75. It
was proposed that fragmentation might explain the high spec-
troscopic binary fraction of massive stars. Accretion bursts were
observed in Meyer et al. (2017, 2018, 2019). Meyer et al. (2019)
also studied the effects of disk wobbling during the fragmenta-
tion epoch.
9.2. Resolution of the grid and the use of sink particles
In order to check whether a simulation is resolving the correct
scales associated with the physical phenomena described, we
computed the pressure scale height of the disk and the Jeans
length using the data from run x16, averaged over the time pe-
riod [6, 8] kyr, which corresponds to the fragmentation epoch.
The pressure scale height gives an idea of the scale of the verti-
cal structure of the disk, and it is defined in the midplane as
Hdisk
r
=
cs
vφ
(10)
where c2s = γ ∂P/∂ρ is the sound speed. The Jeans length λJ
indicates the size of a region that becomes gravitationally unsta-
ble at a certain density ρ and temperature, and it is calculated
as
λJ = cs
√
pi
Gρ
. (11)
In order to adequately study fragmentation numerically, the
Jeans length has to be resolved properly. In order to study a Jeans
length radial profile, we separate it into two values: the Jeans
length of the background disk λdiskJ , calculated with the median
values (as described in Sect. 4), and the minimum Jeans length,
λminJ , that corresponds to the value of the most fragmentation-
prone areas of the disk, i.e., the fragments and spiral arms.
Figure 23 contains the radial profiles of these quantities, cal-
culated using the data from run x16, and time-averaged during
the period between 6 and 8 kyr. The disk radius is also shown as
a reference. Additionally, the cell size of our simulations, ∆x(r),
is shown for each run (gray lines).
The pressure scale height scales approximately linearly with
distance, giving an ansatz on the required cell size needed to
resolve the vertical structure of the disk. The cell size of our
logarithmic grid also scales linearly with distance. As a result
of the simulation, we obtain that, on the disk region, H(r) ≈
0.12r1.07, and a comparison with the different runs yields that H
is resolved by all of them, except partially by x1.
The Jeans length decreases with increasing density, which
means that it increases with distance. Our choice of the coordi-
nate grid, then, makes possible a better resolution of the Jeans
length while saving computational power. The Jeans length for
the background disk is resolved by all runs, and indeed, we ob-
serve some sort of structure formation (spiral arms and/or frag-
ments) in all runs. However, when observing the curve for the
minimum value of the Jeans length, it is clear that only runs x8
and x16 are able to resolve fragmentation adequately, and run x4
only resolves fragmentation partially, which coincides with the
results found in the convergence study presented in Sect. 8.
In order to compare the results from other studies, we estab-
lish approximate equivalences between the different grids used.
In the case of the fixed grids used in Meyer et al. (2017, 2018,
2019), it goes as follows: (a) Meyer et al. (2018) use approxi-
mately the same grid structure of our run x4 (except in their ’Run
1-HR’, where the grid used is almost our run x8); (b) Meyer et al.
(2017) and Meyer et al. (2019) use a grid comparable with our
run x4.
A direct comparison of our fixed grid with AMR implemen-
tations is not trivial, since they are dependent on the selected
refinement criteria and the particular evolution of the system. In
order to give an idea of the resolution differences, we take the
criteria given in, e.g., Rosen et al. (2016), i. e., a Jeans length
should be resolved by at least 8 cells. The resulting profiles are
shown in green in Fig. 23, where if 8 Jeans lengths cannot be
resolved, the maximum refinement is plotted.
Now we examine the disk region. According to our results,
the minimum Jeans length is only marginally resolved by an
AMR simulation that has a minimum cell size of 5 au. Even
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in that case, our simulations provide much more detail, espe-
cially in the region 100 au . r . 600, where according to Fig.
7b we observe the biggest number of long-lived fragments being
created. This choice has allowed us, as we have shown in the re-
sults, to study even the interactions between fragments and their
internal structure, and not merely to resolve where a fragment
should be created by the Jeans criterion.
Based on these considerations, we can establish that an AMR
grid with a minimum cell size of 5 au provides a resolution be-
tween runs x16 and x8 for the outer disk, while a resolution sim-
ilar or lower than run x4 for the inner disk (r . 100 au). A mini-
mum cell size of 10 au corresponds to a resolution between runs
x8 and x4 for the outer disk, but to run x2 for the inner disk. A
minimum cell size of 20 au provides a resolution between run x4
and run x2 for the outer disk, but a resolution similar or lower
than run x1 for the inner disk.
Studies that use a sink particle algorithm typically use the
Jeans density as the main criterion for particle creation. This is
the case in, for example, Krumholz et al. (2009), Krumholz et al.
(2007), Rosen et al. (2016), Peters et al. (2010) and Peters et al.
(2011). As mentioned before, a self-consistent treatment of the
fragmentation process, instead of a sink particle algorithm, pro-
vides more certainty in the number of fragments formed, and,
as we have shown here, in the number of fragments that survive
the fragmentation process and can become companions. We have
also shown that fragments, while in the hydrostatic core phase,
undergo several interactions that can destroy them, and they need
to reach a second core status in order to safely replace them with
a sink particle. The use of sink particles for hydrostatic cores, ad-
ditionally misses the formation of the smaller secondary disks,
and the fact that their associated spiral arms can occasionally
give rise to new fragments.
The fact that AMR grids with minimum cell sizes of 20 au
and 10 au do not resolve adequately the Jeans length, added to
the fact that we do not observe fragmentation in runs x1 and x2,
suggests that sink particles created in simulations that use such
grids, although they represent regions of high density, do not
(necessarily) represent physical local collapse. Then, compan-
ions produced in this way are due to purely numerical effects,
and hence, we do not recommend the use of a sink particle algo-
rithm in multiplicity studies if not used with a grid with adequate
resolution.
9.3. Additional physical effects
Contrary to our setup, the simulations from Krumholz et al.
(2009), Rosen et al. (2016) (laminar) and Klassen et al. (2016)
do not restrict the motion of the central massive protostar via
a fixed sink cell. However, these studies show qualitatively that
if the system forms a disk, the central massive protostar does
not excessively move from the center. This was studied in more
detail and confirmed in Meyer et al. (2019), where they imple-
mented disk wobbling and found no dramatic differences with
treating the massive protostar as fixed during the fragmentation
period.
With regards to the initial density profile, studies that con-
sider a constant density profile (e.g. Peters et al. 2010, 2011;
Girichidis et al. 2012) show that the cloud forms many disperse
fragments, while clouds with power law-density profiles (e.g.
Girichidis et al. 2012; Rosen et al. 2016; Meyer et al. 2018,
and this work) are dominated by a central object, with less frag-
mentation the steeper the profile is. Observational studies (e.g.
Beuther et al. 2002; van der Tak & Menten 2005; Palau et al.
2014) typically find density slopes βρ of between −1.5 and −2.6.
From the studies considered in Sect. 9, Girichidis et al.
(2012), Rosen et al. (2016), Hennebelle et al. (2011) and
Krumholz et al. (2007) performed simulations with supersonic
initial turbulence, while Krumholz et al. (2009), Rosen et al.
(2016), Peters et al. (2010), Peters et al. (2011) and Klassen
et al. (2016) considered solid body rotation. Furthermore, Meyer
et al. (2018) offered a parameter scan for different initial angular
velocity profiles, without turbulence. Highly-supersonic turbu-
lence leads to filamentary accretion that produces fragments with
lower mass ratios to the most massive fragment, and are sepa-
rated by longer distances than in a weakly-turbulent cloud dom-
inated by thermal Jeans fragmentation. The amount of turbulent
fragmentation has been found to depend on the level of turbu-
lence, with higher velocity dispersions leading to more fragmen-
tation (Rosen et al. 2019; Fontani et al. 2018). Also, the most
massive protostar moves considerably from the center of the
cloud, although a (fragmenting) disk is formed in some cases
(Rosen et al. 2016, 2019). The parameter scan in Meyer et al.
(2018) revealed that a steep initial angular velocity profile, such
as the one used here, produces more and earlier fragmentation.
Our choices for initial conditions are in agreement with the
discussion in Beuther et al. (2018) and references therein. In
that paper, observations of 20 high-mass star-forming regions
showed that fragmentation is more consistent with the thermal
Jeans fragmentation picture, and so, low values of turbulence are
expected.
Some of the studies mentioned in Sect. 9 consider the pres-
ence of magnetic fields. In general, the presence of magnetic
fields is expected to reduce fragmentation. In Kölligan & Kuiper
(2018), the effect of magnetic fields was studied in the context
of high resolution, two-dimensional simulations on jet launch-
ing. Magnetic pressure was found to dominate the inner parts of
the disk, and so, we expect a more stable disk in these regions.
This could also mean that fragmentation may be observed later
in time, as the disk would need to reach a certain size to become
unstable and fragment. Magnetic braking is also expected to re-
duce the size of the disk, and since we observe fragmentation
in the outer disk, this can reduce the number of fragments. For
more details on the role of magnetic fields on forming massive
stars, see, for example, Commercon et al. (2011), Seifried et al.
(2011) and Rosen & Krumholz (2020).
9.4. Accretion bursts
Meyer et al. (2017) and Meyer et al. (2019) describe the exis-
tence of accretion bursts, a fact that we have also observed in
our simulations, in the same way. Our analysis of the mass of the
fragments (see Sect. 7.3.1), their second collapse phase and their
possible final orbits leads us to conclude, however, that strong
accretion bursts of magnitudes & 4 as described in Meyer et al.
(2019) are unlikely to happen with the predicted frequency, since
the masses needed for these events correspond typically to frag-
ments that should have undergone second collapse and, due to
the reduced collisional cross section, are less probable of being
accreted directly by the central massive protostar, instead form-
ing companions.
10. Summary and conclusions
We have presented the highest resolution, three-dimensional
self-gravity-radiation-hydrodynamical simulations of a forming
and fragmenting accretion disk around a forming massive star
performed up to now, incorporating stellar evolution and dust
sublimation and evaporation. The high resolutions achieved in
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this work mean that no sink particles were necessary to describe
the fragments, which also has allowed us to study the fragmen-
tation mechanisms and interactions, as well as the structure of
fragments. A detailed analysis of the formation, interactions and
ultimate fate of the fragments has been presented. For this anal-
ysis, sophisticated data post-processing techniques allowed us
to track the masses, central temperature of the fragments and or-
bits. We also studied the further evolution of these fragments into
companion stars, by considering the conditions for the formation
of second Larson cores.
The same simulation has been run five times with varying
resolutions. We have studied convergence in our results, and
checked that we resolve properly the disk pressure scale height
and the Jeans length.
In a nutshell, it is found that
– A growing accretion disk is formed around a central massive
protostar.
– The disk forms spiral arms, and they in turn fragment.
– In the fragmenting disk, the Toomre parameter indicates that
the disk is globally stable, while being locally unstable, and
therefore an insufficiently resolved disk may appear to be
Toomre-stable while fragmentation is happening at lower
scales.
– Fragments are highly dynamic; they form, interact, can be
destroyed, sometimes form secondary disks with their own
spiral arms.
– Secondary disks can also fragment.
– Fragments tend to have highly eccentric and chaotic orbits,
due to their continuous interactions. However, they can also
gain enough mass to be in more stable orbits and form com-
panions in the middle or outer regions of the disk.
– The masses of the fragments are of the order of one solar
mass, once their central temperatures can reach the hydrogen
dissociation limit (2000 K). Fragments that go beyond that
temperature, should form second Larson cores, while others
remain as hydrostatic cores.
– Fragments in general can migrate inwards, if they are hydro-
static cores, they might be accreted by the central massive
protostar and create accretion bursts, and if they become sec-
ond cores, they would most likely form spectroscopic com-
panions.
– The number of fragments that survive the fragmentation
epoch is . 10.
– Reducing resolution by a factor of two (run x8), does not
significantly affect the overall picture of the results, except
for the report of lower central temperatures in the fragments.
– Reducing resolution by a factor of four (run x4), the forma-
tion of secondary spiral arms is limited, and the fragments
do not achieve the required temperatures for second collapse
any more.
– Reducing the resolution by a factor of eight (run x2), the for-
mation of the primary disk and its spiral arms is recovered,
but the fragmentation physics is not properly achieved any-
more.
– Reducing the resolution by a factor of sixteen (run x1), only
the formation and growth of the primary disk is recovered,
but its internal substructure cannot be resolved anymore.
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